Introduction
The Like other proposed geologic repositories for radioactive waste, the WIPP relies on a combination of engineered and natural barriers to isolate the waste from the biosphere. Engineered barriers at the WIPP, including the seals that will be emplaced in the access shafts when the facility is decommissioned, are discussed in the context of facility design elsewhere in this volume.2 Physical properties of the natural barriers that contribute to the isolation of radionuclides are discussed here in the context of the physiographic, geologic, and hydrogeologic setting of the site.
Site Physiography
The WIPP is located in semiarid, sparsely inhabited rangeland at an elevation of approximately Relatively rapid subsidence in the Delaware Basin during the Early Permian resulted in deposition of a sequence of deep-water sandstones, shales, and limestones rimmed by massive limestone reefs , .
WIPP Geologic Setting Paper for RESS, Version 4 and shallow-water back-reef deposits. The thickest of the reef deposits, the Capitan Limestone, defines the boundaries of the Delaware Basin shown in Figure 1 .
Subsidence slowed during the Late Permian, and the consequent decrease in the supply of elastic sediments and the increasing isolation of the marine basin from the open ocean resulted in deposition of a thick sequence of evaporite minerals. Anhydrites, halites, and carbonates of the Castile Formation were deposited in the interior of the basin within the Capitan reef Regional subsidence continued as the basin filled, and halites of the Salado Formation were deposited outward from the basin center over the Capitan reef and the shallow-water deposits landward from it. Latest Permian-age evaporates, carbonates, and elastic rocks of the Rustler Formation and the Dewey Lake Red Beds record the end of regional subsidence and include the last Permian-age marine rocks in southeastern New Mexico. The overlying sandstones of the Triassic (245 to 208 million years ago) Dockum Group (Santa Rosa Formation) reflect continental deposition and mark the onset of a period of tectonic stability in the basin that lasted more than 200 million years, until late in the Tertiaty Period.
Permian and Triassic strata of the Delaware Basin now dip gently (generally less than 10, to the east, and erosion has exposed progressively older units toward the western edge of the basin .
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Geologic Processes Potentially Relevant to Long-Term Performance
Because the relatively recent geologic past is believed to be a good predictor of the geologic Mure, characterization of repositories for long-lived radioactive waste has emphasized identification of processes active during the Quatemary Period (the last 1.6 million years) that might ailect fiture perllormance of the disposal system. For the WIPP, geological investigations have concentrated on dissolution and deformation of the evaporates. These processes are discussed briefly here, together with tectonic activity, igneous activity, and climate change, which have been proposed as important processes for repositories in other geologic settings. (See Reference 3, Section 6.2 and Appendix SCR and also Reference 14, this volume, for a discussion of the systematic process followed to ensure that all significant processes, events, and features were considered in the performance assessment).
Dissolution. The present landscape of the Delaware Basin has been influenced by dissolution of the evaporates. Nash Draw, west of the site (Figure 1 Shallow dissolution of the upper Salado, such as has occurred beneath Nash Draw, has progressed from west to east across the Delaware Basin as a result of the regional tilting of the strata. The rate of dissolution is slow, however, and if dissolution in the fbture proceeds eastward at the same rate that it has in the past it will not affect the upper portion of the Salado at the site boundary for 225,000 years. An additional 2 to 3 million years would be required for dissolution to reach the repository horizon and expose the waste.3 These estimates are one to two orders of magnitude larger than the half-life of '@u (24,000 years) and substantially longer than the 10,000-year regulato~period defined by the EPA (see Reference 16, this volume). Lateral encroachment of dissolution on the repository is, therefore, not considered in the petiormance assessment modeling.
Salt Deformation. Because salt flows in response to prolonged deviatoric stress, density contrasts between salt and the surrounding rock can result in deformation. In massive salt deposits, buoyancy effects may cause diapirism, in which salt rises through denser overlying units.
In bedded salts that contain interbeds of more dense rocks, such as the anhydrites present in the Delaware Basin, gravity foundering of the interbeds may deform and displace the halite layers.
Field exploration has shown that salt deformation is not present now at the WIPP site (although examples are present elsewhere in the basin), and rock mechanic modeling studies indicate that the rate at which salt could flow at the depths salt occurs at the WIPP (0,0005 ndyr)l' is too slow to Meet the repository during the next 10,000 years.3
Tectonic activity. Regional uplift, such as that which caused the tilting of the Delaware Basiõ perates too slowly to affect the performance of the repository. Projection of uplift rates from the past 10 million years indicates that changes over the next 10,000 years will be on the order of 1 m, and will have only minor effects on other geologic processes such as erosion and dissolution.
Active faults are not present in the interior of the Delaware Basin, and the repository will not be disrupted directly by faulting. Southeastern New Mexico is an area of low seismic activity and major earthquakes are not likely. Small-magnitude earthquakes do occur in the region and are anticipated to continue to occur in the fbture. Seismic effects on the waste-disposal region will be minor, however, and are accounted for in the performance assessment by the assumption that the waste is surrounded by a disturbed rock zone of relatively high permeability. indicate that the mean annual precipitation at the WIPP 22,000 to 18,000 years ago, when the last North American ice sheet reached its southern limit roughly 1500 km north of the WIPP, was approximately twice that of the present. Mean annual temperatures may have been as much as 5°C colder than at present.lg
Although a return to the extreme climatic conditions of fill glaciation next 10,000 years, some degree of climate change is certain to occur.
is improbable within the Paleoclimatic data indicate that precipitation in southeastern New Mexico may have approached glacial highs during relatively short-term (i.e., hundreds to thousands of years) climatic fluctuations at several times during the last 10,000 years.lg
Stratigraphy and Hydrostratigraphy at the WIPP Site
Five rock units are modeled explicitly in the petiormance assessment: the Castile, Salado, and Rustler
Formations, the Dewey Lake Red Beds, and the Triassic and younger rocks combined into a single layer. These units are shown in Figure 4 , and described in more detail in the following sections.
Castile Formation
The 
Salado Formation
The Salado Formation is about 600 m thick at the WIPP and is divided into three informal Additional data on anhydrite properties are available from laboratory tests on core samples, and both laboratory and field data were used to establish parameter values for performance assessment modeling (see Reference 3, Appendix PAR).
Although the hydraulic conductivity of the Salado is extremely low, the formation is not dry.
Brine content within the Salado is estimated at 1 to 2 ?40 by weight, and thin clay seams have been observed to contain up to 25 0/0 brine by volume.27 Brine seepage into the excavated region has been estimated at 0.01 L/day for each meter of tunnel length.28 This rate of flow will decrease in the fiture when the repository is sealed and hydraulic gradients decrease, and brine flow in the perflorrnance assessment is a calculated term dependent on local hydraulic gradients and properties of the Salado units (see Reference 21, this volume).
Rustler Formation
The Rustler is 95 m thick at the WIPP and is composed of anhydrite, halite, siltstone and The Magenta is about 8 m thick at the WIPP and consists of a fine-grained gypsiferous dolomite.
Although less transmissive than the Culebra, the Magenta does produce water in wells. Hydraulic data fi-om 15 locations suggest that hydraulic conductivity ranges over five orders of magnitude from 10-10to 10-5m/s.33 Effective porosities measured in core samples range from 2.7 to 25.2 'X0.3
In most locations, the hydraulic conductivity of the Magenta is one to two orders of magnitude less than that of the Culebr~and variability follows the same trend as in the Culebra, with conductivity increasing to the west.
The Forty-niner is about 20 m thick throughout the WIPP area and consists of low-permeability anhydrite and siltstone. Hydraulic tests at two locations yielded values of hydraulic conductivity ranging from 10-10to 10-9rn/s.34 Three claystone core samples had effective porosities ranging from 9.1 to 24.0%. Four anhydrite samples had effective porosities ranging from 0.0 to 0.4 %.
The Dewey Lake Red Beds
The Dewey Lake consists predominantly of reddish-brown fine sandstone, siltstone, and silty Where present, the Capitan is capable of producing a significant quantity of water: for example, the Capitan is the primary source of water for the City of Carlsbad, with wells that produce up to r r WIPP Geologic Setting Paper for RESS, Version 4 15 m3/min (4,000 gal/rein). The Capitan is not present at the WIPP, however, and has no role in the long-term performance of the disposal system.
Seven wells in the WIPP vicinity produce groundwater from the Culebra that meets the minimum EPA standards of producing at least 0.02 m3/min (5 gal/rein) of water containing less than 10,000 mg of total dissolved solids per liter. Three of these wells, all south of the WIPP, are private wells that currently supply water for livestock. Water quality is relatively poor in all seven wells (2, 100 to 8,890 mg/L), and none produce water for human consumption.
Six wells in the region have produced water meeting EPA standards from the Dewey Lake. Five of these wells produce water for livestock, and water from one, located 5.5 km south of the disposal region, has supplied water for a single residence. None of these wells are known to have produced at rates exceeding approximately 0.1 m3/min (30 galh-nin), and water quality is relatively poor, with total dissolved solids reported to be 3,330 mglL or higher. Two wells 12 to 15 km east of the WIPP produce relatively good quality water (340 and 780 mg/L total dissolved solids) from the Santa Rosa, but the formation is thin or absent closer to the site and does not produce water in wells above the disposal region.
Hydrocarbon Resources
The Delaware Basin and surrounding region contain major oil and gas resources that have been exploited on a large scale since the 1920s. Historically, most hydrocarbons have been found outside the basin in carbonates and sandstones deposited behind the Capitan ree~but both natural gas and oil have been found in sediments below the evaporates in the interior of the basin. In the immediate vicinity of the WIPP, natural gas is produced from Pennsylvanian-age sandstones and limestones at depths ranging from 3600 to 4600 m.42 Oil is produced from sandstone and carbonate reservoirs in the Bone Spring, Brushy Canyon, and Cherry Canyon Formations at depths ranging from 1,680 to 3,360 m. Oil is also found elsewhere in the region in the Bell Canyon Formation directly below the evaporates. The Bell Canyon is unproductive near the WIPP, and is used for disposal of salt water at a depth of approximately 1400 m.
Drilling for both exploration and production is prohibited within the 41.4km2(16 mi2) controlled area surrounding the WIPP, but numerous boreholes have been drilled in the surrounding region.
Drilling for oil is currently active in the region and is likely to continue in the near fhture, as 
Potash Resources
Two potassium salts, sylvite (KCl) and langbeinite (KzMgz(SO&), are found in the McNutt member of the Salado above the repository horizon. Ore-grade deposits are found in 10 layers, or ore zones, within a region known as the Carlsbad Potash District. Approximately 400 km2 of the potash district, including land immediately adjacent to the WIPP site, are currently leased by mining companies, and several large underground mines are active in the region, Ore is not present directly above the waste disposal region and mining is forbidden within the controlled area surrounding the WIPP, but economically minable ore is present in two horizons within the controlled area. The EPA has required that performance assessments assume that this ore may be mined at some time in the fiture, and that the effects of mining on groundwater flow in the Culebra be incorporated in the analysis.43 See Reference 45, this volume, for a discussion of the treatment of mining in the performance assessment.
Groundwater Flow and Radionuclide Transport in Strata above the Salado Formation
The bedded salt of the Salado Formation is the primary geologic barrier to migration of radionuclides from the WIPP repository. Performance assessment results indicate that no radionuclides will migrate vertically through the salt to overlying strata if the repository remains undisturbed by human intrusion (see Reference 46, this volume). However, the site characterization process and the performance assessment have considered intrusion scenarios that .
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The conceptual understanding of regional groundwater flow47 used to support performance assessment models of transport in strata above the Salado is referred to as the groundwater basin Groundwater flow in the Culebra in the vicinity of the site is predominantly from north to south, and is much more rapid in more transmissive regions west of the site. 
7.
Summary of the Natural Barriers Contributing to Radionuclide Isolation at the WIPP
The bedded salt of the Salado Formation is the first, and most important, component of the geologic barriers that will isolate radionuclides at the~P. The extremely low permeability of the halite layers within the Salado precludes vertical flow of contaminated brine from the repository, and lateral flow within the somewhat more permeable anhydrite interbeds will be slow.
Performance assessment results indicate that, if the repository is undisturbed by human intrusion, no radlonuclides will migrate vertically through the salt during the next 10,000 years, and lateral transport in interbeds will be insignificant (see Reference 46, this volume).
If the repository is inadvertently penetrated by fiture drilling operations, the borehole could provide a pathway for radionuclide transport through the salt section into overlying strata. If this occurs, geologic and hydrologic properties of the overlying rocks will contribute to the continuing isolation of the radionuclides from the biosphere. Field studies indicate that subsurface transport away from the site is most likely to occur in the Culebra dolomite, where physical and chemical retardation processes will prevent unacceptable quantities of radionuclides from crossing the site boundary within the next 10,000 years.4G The poor quality ofgroundwater in the region provides firther cordldence that even if groundwater should become contaminated following a borehole intrusion into the repository, prolonged human exposure is unlikely.
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